The antiferromagnetic energy gap and optical properties of single crystals of Cr and of Cr alloyed with 0.45, 0.94, 2.5, and 4.5% Mn and with 1.05 and 2.0% Re have been investigated by measuring the optical absorption over a photon energy range of 0.08-5 eV. The data were taken at 4.2 K by a calorimetric technique. It is found that at 4.2 K, approximately 1% Mn or Re will cause commensurate antiferromagnetic ordering, and the energy gap shifts abruptly from 0.13 to 0.36 eV near this concentration of diluent. Evidence is given for indirect transitions occurring across a double energy gap in the noncommensurate samples, and the results are explained in terms of a band model. The widths of the absorption peak and the peak in ε2 in the commensurate samples are discussed in terms of a gap anisotropy and impurity broadening. Optical absorption peaks near 1, 2, and 3.4 eV are associated with direct interband transitions originating from the N1′, Γ25′, and P4 symmetry points, with a contribution to the 1-eV absorption from transitions from the Fermi surface to the flat unoccupied band extending through N4, Γ12, P3, and H25′. ferromagnetic ordering, and the energy gap shifts abruptly from 0.13 to 0.36 eV near this concentration of diluent. Evidence is given for indirect transitions occurring across a double energy gap in the noncommensurate samples, and the results are explained in terms of a band model. The widths of the absorption peak and the peak in e2 in the commensurate samples are discussed in terms of a gap anisotropy and impurity broadening. Optical absorption peaks near 1, 2, and 3.4 eV are associated with direct interband transitions originating from the E1, I"&",and P4 symmetry points, with a contribution to the1-eV absorption from transitions from the Fermi surface to the flat unoccupied band extending through X4, F12, P3, and 825'.
INTRODUCTION
In a band model of itinerant magnetism one must consider two Fermi surfaces. For a ferromagnet, like iron, one surface would be for spin-up electrons, the other for spin-down. To establish a qualitative understanding of itinerant electron magnetism one assumes that the intra-atomic exchange (analogous to the Hund's rule energy for atomic orbitals) can be expressed in terms of a molecular field. As a result of the electronic spin's interaction with this field, an energy splitting occurs which leads to unequal populations in 2 the spin-up and spin-down bands. For an itinerant antiferromagnet like Cr, one again thinks of two Fermi surfaces, one for electrons with spins in phase with the antiferromagnetism and the second for electrons with spins out of phase. The condition for a nonzero magnetic moment in the absence of an applied magnetic field is V(q) x" (q) =1.
Of course as Vx'~1, the perturbation approach breaks down, but it is evident that whenever x' tends to become large, an instability may result. An examination of Eq. (2) reveals that whenever there are two constant energy surfaces near the Fermi level having significant areas connected by some vector q, x'(q) will become large. " x(q) has been evaluated for Cr by Gupta and Sinha. " A cross section of the Fermi surface of Cr" in the (100) plane is shown in Fig. 1 . The important areas are the Rat octahedral faces of the electron jack centered at F and the faces of the hole octahedron centered at H. As first pointed out by Lomer" these Figure 2 shows the band structure of paramagnetic
Cr. '7 The bands of concern are 2~5'-Z3-%3, which goes through the center of the flat section of the electron jack (Fig. 1) , and H25'-G&-Ar&, which goes through the center of the flat section of the hole octahedron. These bands, where they cross the Fermi surface, are separated by Q. Liu" has shown that imperfect nesting of electron and hole surfaces will cause the gap to exceed 3.5kT~.
Chromium-rich alloys with many solutes also exhibit antiferromagnetism.
The Cr-Mn system has been studied extensively. ' It is not clear that this simple picture is applicable to the transition metals. The problem has been discussed in detail by Stern" and Beeby. " Stern has shown that when the parameter e~q/6&&1, the alloy system has a single band structure which closely approximates that of a pure metal, and the rigid-band approximation is valid. Here~2~is the magnitude of the difference of the atomic energies of the two constituents and 6 is the half-width of the band. The pure metal that is approximated is some average of the two constituents, and is well defined in the Cr-Mn system~here the two elements, if placed in the same lattice, should have nearly the same band structure. Beeby has shown that the rigid-band model should be qualitatively correct for transition-metal alloys as long as the valence difference is small.
There is a considerable amount of experimental evidence tending to prove the validity of the rigid-band model for the Cr-Mn system. For example, neutron diffraction and electrical resistivity measurements on Cr-Mn-V ternary dilute alloys by Komura and In particular, the band gap was studied as a function of Mn concentration. A similar study has recently appeared2' " which is in substantial agreement with ours. Although the energy gap occurred in the infrared part of the spectrum, the absorptivity was also measured at higher photon energies so that a dispersion integral could be used to find the value of the phase of the amplitude reflection coefficients. The complex dielectric constant could then be calculated. These higher-energy data were also directly useful in helping locate the position of certain symmetry points in reciprocal space between which interband transitions occur. In particular, an absorbance peak near 1 eV was very sensitive to Mn or Re addition, and its origin could be identified. A preliminary account of our infrared data has already appeared. "
EXPERIMENTAL PROCEDURE
Instead of measuring the refIectivity R, we measured the absorptivity A=1 -E (for an opaque sample).
In the infrared, R is high for metals, typically larger than 0.9, and to determine the height and shape of an interband transition in the infrared by measuring R is difFicult because it appears as a small dip in E. If A is measured, the transition appears as a relatively large peak on a small background. Moreover, reflectivity measurements are difFicult to make with high absolute accuracy. "
We used a calorimetric technique, originally used by Ramanathan" and by Pippard, " and more recently by others. '~'7 The arrangement is illustrated in Fig. 4 .
Monochromatic radiation from a prism double monochromator enters the cryostat and reaches the sample chamber. The sample and a gold-black-covered"" copper absorber are thermally isolated from the 4.2-K walls of the chamber, except for thin copper heat-leak wires. The radiation, of intensity Io, strikes, in turn, the sample and the black absorber which absorb energy at rates each ingot. The lowermost portion was used for a composition analysis by Game-emission spectroscopy, while the lower surface of the adjacent piece was used for optical measurements. After etching in a solution of boiling HCl, the surface was ground and polished using 4/0 emery paper followed by 1-and 0.3-p aluminum oxide abrasive. The surface was then electropolished using a 6% solution of perchloric acid in methyl alcohol at -78'C. The crystal was annealed at 1150'C for 2 h inside a Ta tube filled with Ar. The sample was then electropolished a second time, rinsed in absolute methyl alcohol, and mounted in the sample chamber. The CrMn samples used contained about half the Mn concentrations of the starting material, due to the much higher vapor pressure of Mn during the melting processes. The Anal arc-melting step which forms the single crystal was particularly effective in vaporizing Mn from the crystal. An electron microprobe analysis indicated that in the upper 2 or 3 mm of the crystal, virtually no Mn remained. The boundary between these two regions could be seen easily by strongly etching a cross section of the ingot. crystalline sample at 107 K and those of Barker and co-workers" " on a single crystal at 80 K. This is shown in Fig. 8 To extract more information from the absorptivity data requires the use of a dispersion integral or KramersKronig integral. The magnitude of the complex amplitude reflection coeScient r can be used"" in such an integral to get n, the phase of P, In (b) another G3 band (p) has been drawn after having been displaced by Q* to the right of its original position. (c) shows the bands of (b) after the SDW is "turned" on. The black parts of the bands are filled.
tion, and the size of these gaps has been discussed by several authors. '4 "" The gap dependence on Mn or Re concentration can be understood by referring to the energy bands for paramagnetic Cr (Fig. 2) and the Fermi-surface cross section (Fig. 1) . The band calculations are due to Gupta, + who used the augmented-plane-wave (APW) method, and Asano and Yamashita, " who used the Green's-function technique. As one increases the Mn content, the e/a ratio increases, thus raising the Fermi energy. The electron surface at F increases in size, the hole surface at H decreases in size, and both effects cause Q, the superlattice vector, to get larger. With increased Mn, the average magnetic moment and Xeel temperature are observed to increase, ' implying a stronger exchange interaction. This is likely to be due to larger areas of the Fermi surface being coupled by the Q vector. As 5 -&0 all four Rat sides of the electron jack are coupled to sides of the hole octahedron. Since the gap energy is proportional to~M o~, the amplitude of the SDW, one expects an increase in the gap energy as Mn is added. By comparing the results of the Cr and Cr-0.45% Mn samples, the gap energy is seen to increase slightly in accord with the above prediction. This can also be seen in Refs. 22 and 23. a region were the size of one of the antiferromagnetic domains which make up an annealed crystal, it would be large enough to support a commensurate SDW. The size of these domains is not known, but neutron diffraction results indicate cubic symmetry in nonfield-cooled samples, ' which implies a domain size small compared with the dimensions of the neutron beam, i.e. , a fraction of a mm. Actually, much smaller regions probably could exist as antiferromagnetic domains.
To explore the second possibility, consider a section of the band structure as shown in Fig. 11 . The energy gaps are those due to Q and to Q*. Energy gaps can be found by displacing paramagnetic bands by Q in k space. Whenever two such displaced bands cross at the Fermi level, gaps will appear. The plane of Fig. 11 is perpendicular to the (100) plane of Fig. 1 , and it contains the vector Q shown there. Thus it runs parallel to the L100$ direction, but cuts the hole octahedron, and central part of the jack, missing the balls on the jack. In Fig. 11(a) but it is not necessary. Kimball" has shoulder should not be due to commensurate-phase regions in the sample, unless they can occur without appreciable impurities. One expects a weaker effect in pure Cr because more momentum is required for the indirect transition (h is larger than in the 0.45% alloy) and possibly because there is less scattering to supply the momentum. Even if we are observing both phases in the Cr-0.45% Mn sample, the fact that the absorptivity of the commensurate samples is less than the absorptivity of the noncommensurate samples at photon energies between 0.6 and 0.9 eV is still unexplained (Figs. 6, 7, and (Fig. 12) .
In going from the paramagnetic to the antiferromagnetic case, the Fermi surface and energy bands undergo certain alterations. The bands of Fig. 2 can be remapped, and the self-consistent interaction causes the bands to split, forming an energy gap at the superzone boundary (Fig. 13) .However, far more important is the energy gap which appears due to the accidental degeneracy as can be seen on the A and Z axes near the Fermi level. A considerable portion of the Fermi surface is annihilated, and the resulting gap is responsible for the large absorption peak near 0.36 eV in the comrr~ensurate samples.
Asano and Yamashita'" have also calculated the band structure of a hypothetical commensurate Cr using the Green's-function method (Fig. 13) . They represented the exchange interaction by an adjustable parameter X, determined so as to give a spin polarization of 0.6 pp er atom. They determined the energy gap along the A and Z axes to be 0.4 eV, which is in good agreement with the optical measurements observed here.
Gap Anisotropy
The area under the e2 curve, f e2 (E) Practically the entire electron surface around I' and the hole surface at H are eliminated by the magnetic ordering. As can be seen from Fig, 13 , there is no gap on the 6 axis, and the hole pockets remain around S.
A small gap is indicated in Fig. 3 , but when the electron jack swells and the hole octahedron shrinks, this gap becomes smaller.
The width of the absorption peak measured on the 0.94% Mn crystal is about 0.14 eV, and considering that the data were taken at 4.2 K, it is apparent that some form of broadening other than phonon broadening is occurring. Some impurity scattering is surely present, but it is also possible that anisotropies in the gap energy are responsible for this effect. Although the band calculations indicate almost the same gap energy along the A and Z axes, near the 6 axis the energy gap will be smaller. This may be the reason for the appreciable absorption that occurs at energies as low as 0.2 eV in the commensurate alloys. There will also be a smearing out of the absorption peak due to impurity scattering. The larger width of the absorption peak at higher Mn concentrations can be attributed to increased impurity scattering and possibly to a larger gap anisotropy. The energy of peak absorption increases with increasing Mn content, in agreement with neutron diffraction measurements which indicate a larger moment as Mn ls added.
Conductivity Function and Evidence for Mixed Phase
The conductivities of the commensurate samples exhibit the same broad structure observed in the absorption spectra. Two representative curves are shown in Fig. 10 . One of these is a Cr-1. 05% Re sample run for comparison purposes. Re is in the same column of the Periodic Sachs" has tabulated selection rules for many direct optical transitions involving Bloch functions with k vectors along symmetry lines. %e have used these and calculated a few others, using character tables/0" All the transitions to be mentioned are electric-dipole allowed. The 6rst strong interband absorption peak is near
